The aim of this study was to assess image quality and radiation dose of a biplane angiographic system with cone-beam CT (CBCT) capability tuned for pediatric cardiac procedures. The results of this study can be used to explore dose reduction techniques. For pulsed fluoroscopy and cine modes, polymethyl methacrylate phantoms of various thicknesses and a Leeds TOR 18-FG test object were employed. Various fields of view (FOV) were selected. For CBCT, the study employed head and body dose phantoms, Catphan 504, and an anthropomorphic cardiology phantom. The study also compared two 3D rotational angiography protocols. The entrance surface air kerma per frame increases by a factor of 3-12 when comparing cine and fluoroscopy frames. The biggest difference in the signalto-noise ratio between fluoroscopy and cine modes occurs at FOV 32 cm because fluoroscopy is acquired at a 1440 × 1440 pixel matrix size and in unbinned mode, whereas cine is acquired at 720 × 720 pixels and in binned mode. The high-contrast spatial resolution of cine is better than that of fluoroscopy, except for FOV 32 cm, because fluoroscopy mode with 32 cm FOV is unbinned. Acquiring CBCT series with a 16 cm head phantom using the standard dose protocol results in a threefold dose increase compared with the low-dose protocol. Although the amount of noise present in the images acquired with the low-dose protocol is much higher than that obtained with the standard mode, the images present better spatial resolution. A 1 mm diameter rod with 250 Hounsfield units can be distinguished in reconstructed images with an 8 mm slice width. Pediatric-specific protocols provide lower doses while maintaining sufficient image quality. The system offers a novel 3D imaging mode. The acquisition of CBCT images results in increased doses administered to the patients, but also provides further diagnostic information contained in the volumetric images. The assessed CBCT protocols provide images that are noisy, but with very good spatial resolution.
I. INTRODUCTION
The International Commission on Radiological Protection and the European Commission (1) (2) (3) require interventional X-ray systems to undergo a series of tests prior to use to ensure that the equipment performs satisfactorily in clinical practice. These tests cover two main aspects: 1) the entrance surface air kerma (ESAK) of an appropriate phantom under normal operating conditions, simulating various patient thicknesses in the commonly used imaging modes: fluoroscopy, cine and, more recently, the three-dimensional rotational angiography (3D-RA), also known as cone-beam CT (CBCT); and 2) image quality assessment (using test objects) for the various imaging protocols used in clinical practice. This physical characterization helps cardiologists select the best protocols and operation modes with sufficient image quality (and appropriate dose) to guide and document the procedures. (4, 5) This part of the commissioning testing sets the baseline values as a reference for future routine quality control tests (constancy tests) to monitor the most significant system operation parameters to ensure their stability over time. (2, 3, 6) A recent study that included 756 pediatric cardiac catheterization procedures concluded that the percentage increases in the median value of the air kerma-area product due to CBCT were 33% and 16% for diagnostic and therapeutic procedures, respectively. (7) To improve optimization and properly manage patient doses with sufficient diagnostic-quality imaging, knowledge of the equipment's performance is necessary. This report presents the results of the physical characterization conducted as part of the commissioning of a biplane angiography system dedicated to pediatric interventional cardiology (IC), including the 3D-RA mode as one of the imaging options. These tests were performed in addition to the patient dose survey because equipment performance and setup are factors contributing to patient dose variability. The results can be used to explore optimization strategies to reduce the dose to a level such that the dose does not compromise the image quality required for the best clinical outcome.
II. MATERIALS AND METHODS
The study employed a Siemens Artis Zee VC14 biplane angiographic X-ray system (Siemens AG, Munich, Germany), equipped with two 100 kW generators at 125 kV, which was customized for pediatric IC procedures. The system was equipped with two flat amorphous silicon detectors with cesium iodide scintillators consisting of a frontal detector measuring 30 × 38 cm (48 cm diagonal), with a pixel size of 154 μm, and a 20 × 20 cm (25 cm diagonal) lateral detector, with a pixel size of 184 μm. This system was one of the first installed in Europe and it enables the acquisition of CBCT images for pediatric IC. This unit offers a combination of real-time fluoroscopic and near real-time tomographic imaging of heart anatomy. Interventional cardiologists can combine high-resolution, cross-sectional CBCT morphological data with the convenience and speed of standard angiography.
A. Cine and fluoroscopy modes
Two fluoroscopy protocols (Ped < 12 kg and FL3040) and two cine acquisition modes (Card < 12 kg and LV3040 [left ventricle]) were selected for pediatric cardiac applications. Those modes and protocols were studied using the methodology agreed upon during the SENTINEL and DIMOND European programs. (8, 9) The default fluoroscopy mode is 10 pulses per second in both protocols; however, cardiologists who are trained and certified in radiological protection according to national regulations routinely use fluoroscopy modes with 3 pulses per second to reduce patient dose. In general, cardiac studies on children require higher pulse rates than those in adults because of the faster heart rate of children, but cardiologists can reduce the frame rate when image quality is not a concern -for example, during fluoroscopy runs when introducing and manipulating catheters. In cine mode, the default configuration is 30 frames per second, which is used routinely. The equipment was adjusted for the "Ped<12 kg" fluoroscopy protocol with an incident air kerma (10) at the entrance of the image detector set to 0.036 μGy per frame and to 0.045 μGy per frame for the FL3040 protocol. Pediatric cine acquisition was configured with an incident air kerma at the entrance of the image detector set to 0.109 μGy per frame, and the left ventricle protocol acquisition was set to 0.17 μGy per frame. Additional filtration (automatic in this system) from a 0.1-0.9 mm copper filter and virtual collimation were available. The X-ray system uses a dynamic copper filtration system to reduce low-energy radiation in the X-ray beam. The automatic exposure control adjusts the copper filtration without any user interaction. For every fluoroscopic and acquisition protocol, there are settings that determine the desired tube potential plateau and the minimum and maximum copper filter thickness. Thus, in addition to the copper filtration, the system also adapts the tube potential to the patient thickness to maintain a constant image quality. When the protocol is selected, the copper filter is moved into position before the first images are taken. During the procedure, the prefilter setting is based on a real-time absorption measurement of the object in the beam. Whenever the tube potential required for penetrating the patient exceeds the predefined tube potential threshold, copper is removed until the given limits are met. This tube potential threshold helps maintain a good image contrast. (11) The distance from the isocenter to the floor was 107 cm, and the distance from the focus to the isocenter was 75 cm.
B. Cone-beam CT mode
The CBCT acquisition was performed using the frontal detector, acquiring the image of the whole volume of interest in a single (partial) rotation of the source and detector. The volumetric image acquisition was performed using the following parameters: 200º rotation, with an angulation step of 1.5º; projection on a 30 × 40 cm flat-panel detector, with a field of view (FOV) of 48 cm or 42 cm (diagonal dimension) and an X-ray source detector distance of 120 cm. Two 3D cardiac examination modes were set for the system: 5sDRc (standard-dose protocol) and 5sDR-L (lowdose protocol). For both protocols, the default examination settings were 26.6 frames/s and a 5 s acquisition time. The tube current, kVp, and pulse width are determined by the equipment using fluoroscopy images obtained just before the 3D-RA run. The standard-dose protocol employs the large focal size (1 mm), no additional copper filter, and an incident air kerma at the entrance of the image detector set at 0.36 μGy per image. The low-dose protocol uses the small focal size (0.6 mm), a 0.1 mm copper filter, and an incident air kerma at the entrance of the detector set at 0.10 μGy per image. Those are the exam set by the installation engineers.
C. Dosimetry and image quality for cine and fluoroscopy modes
Various chest thicknesses for patients were simulated using 4 to 20 cm polymethyl methacrylate (PMMA) plates measuring 25 × 25 × 5 cm (or 1 or 2 cm thickness). According to Rassow et al., (12) the ratio of patient chest thickness to PMMA thickness is approximately 1.5. Thus chest thicknesses from 6 to 30 cm in steps of 6 cm were simulated. To evaluate the image quality during fluoroscopy and cine acquisitions, a Leeds test object (TO) TOR 18FG (13) was employed. The TO contains 18 low-contrast circles each with varying metal thicknesses and exponential changes in contrast from one circle to the next. The TO also includes a standard metal bar pattern in the center to measure high-contrast spatial resolution (HCSR), with 21 sets of bars whose resolution ranges from 0.5 to 5 lp/mm. To evaluate the image quality during dose measurements (thereby simulating clinical conditions), the TO was always positioned at mid-PMMA thickness at the isocenter (the table was lowered when the PMMA thickness was increased). The image detector was always positioned approximately 8 cm from the last PMMA plate, which is similar to clinical practice with patients ( Fig. 1) . For an FOV of 22 cm, only 4 and 8 cm of PMMA were employed to compare fluoroscopy and cine acquisition modes. Due to the physical size of the flat ionization chamber used (9.17 cm diameter), smaller fields of view could not be measured. For the FOV of 48 cm, the pediatric protocols for patients weighing less than 12 kg were not evaluated because in pediatric cardiac studies, smaller FOVs are selected due to the small size of the volume of interest.
A flat ionization chamber (model 10x5-60) with a Radcal 9015 radiation meter (Radcal Corp., Monrovia, CA) in contact with the PMMA plates was employed to measure ESAK. (10) The flat ionization chamber was duly calibrated by official calibration laboratories. The ionization chamber has an energy dependence of less than 5% for the employed energy range. The images were recorded simultaneously with the dose measurements.
To evaluate the changes in image quality for the various PMMA thicknesses and acquisition modes, all image series for cine and fluoroscopy were recorded in DICOM format at 1024 × 1024 pixels and 12 bits.
The image quality assessment was performed using ImageJ (14) software (version 1.48r) (15) by averaging three images in each set (specifically, images 5, 8 and 10 in the series). To ensure the measurement stability of the tube output, we excluded the first four images. We always selected the same region of interest (ROI) to measure mean pixel values and standard deviation (SD). The evaluation was performed specifically in the first rod with the highest contrast ( Fig. 2) and in an adjacent region outside the rods (background [BG] ). The image comparison was relative, and the choice of rod was irrelevant; however, we selected the first one to reduce the measurement deviations. The spatial resolution was evaluated with an ROI in the seventh group of the bars pattern in the HCSR area. As before, the selection of the seventh group was irrelevant; we chose an intermediate group for comparison purposes.
The image quality was evaluated using the following numerical parameters: signal-to-noise ratio (SNR) for low-contrast evaluation; 1 figure of merit (FOM), which indicates the necessary Fig. 1 . Experimental arrangements to measure incident air kerma and image quality using a PMMA slab phantom. A flat ionization chamber in contact with the PMMA plates was employed to measure incident air kerma. To evaluate the image quality during dose measurements, the test object was always positioned at mid-PMMA thickness at the isocenter (the table was lowered when the PMMA thickness was increased).
dose to obtain a certain image quality, using the SNR2 parameter; and high-contrast spatial resolution (HCSR). (16, 17) These parameters are defined as:
(1) (2) where, BG is the mean pixel value in an ROI at the background area, ROI is the mean pixel value in an ROI in the first rod with highest contrast, SD ROI is the standard deviation of the pixel values in an ROI in the first circle with highest contrast, and SD BG is the standard deviation of the pixel values in an ROI in the background area. As a representative of HCSR we choose the standard deviation of the pixel values in an ROI inside the seventh group (ROI 7th ) in the HCSR pattern (SD ROI7 th ).
D. Dosimetry for the cone-beam CT mode
In CBCT mode, radiation exposure was assessed with the dose metric (D[0]) proposed by Fahrig et al. (18) D (0) is defined as the average dose over the central phantom plane, using the same area averaging approximation used in conventional CT (CTDI w ). The dosimetry setup is illustrated in Fig. 3 . The Perspex CT Radcal model 20CT6 head (Radcal Corp.) and 20CT14 body phantoms (Imperial Chemical Industries, London, U.K.) include five boreholes (labeled north, west, south, east, and center in Fig. 3(a) ). The phantom was placed with the measurement positions at north, west, south, east, and center ( Fig. 3(a) )) and then rotated 45° to measure at northeast, southeast, southwest, and northwest ( Fig. 3(b) ). The dose measured in the central axial hole of the dosimetry phantom (D0) was weighted by one-third and added to the average dose measured in eight axial holes of the phantom at a depth of 1 cm from the surface (D p ), weighted by two-thirds. These point doses were measured using a PTW UNIDOS electrometer (PTW, Freiburg, Germany) and a PTW TM30001 (0.6 cc) ion chamber calibrated at an accredited laboratory. The ionization chamber energy dependence was ≤ 2% for all the beam qualities measured. All the dose values are represented in phantom doses in units of air kerma. (18, 19) 
E. Dosimetry comparison between cone-beam CT and cine mode
Several runs were acquired to compare the air kerma-area product (P ka ) and incident air kerma at the patient entrance reference point (K a,r ) (10) measured with the ionization transmission chambers integrated into the collimator housing for the various acquisition modes. The patient entrance reference point is a point along the central ray of the X-ray beam, 15 cm back from the isocenter toward the focal spot. (20) The 5 s rotational image acquisition run (133 frames) was compared with the cine biplane series, acquiring 133 frames per plane. A biplane series is the simultaneous acquisition of anteroposterior and lateral projections. To measure the series, the head phantom was employed in a clinical practice setup (Fig. 4) . For rotational acquisition, the center of the phantom was positioned at the C-arm isocenter (source-detector distance, 120 cm; source-isocenter distance, 75 cm). For biplane acquisition, the table height was kept constant, and the image detectors were moved to a source-detector distance of 109 cm and 94 cm for lateral and anteroposterior acquisition, respectively, to simulate clinical conditions commonly used at our facility. A 48 cm FOV and a 25 cm FOV were selected for tubes A and B, respectively. P ka and K a,r were corrected using the appropriate measured calibration factors to take into account the radiation attenuation by the table and mattress when the frontal C-arm was used. The P ka meter was verified in situ using a calibrated ionization chamber (Radcal 10x5-60). The calibration procedure and measurement of the beam area were conducted according to the recommendations of the International Atomic Energy Agency protocol. (21) The calibration coefficients varied by ± 15%, with an uncertainty of less than 2%. 
F. Cone-beam CT image quality
The phantom used to evaluate the image quality for CBCT was the 20 cm diameter Catphan 504 (Phantom Laboratories, Salem, New York). (22) The digital images were analyzed by a set of ImageJ macros designed for this purpose. (23) The phantom was divided into several modules containing various test objects. The Catphan CTP404 module has sensitometer targets constructed from Teflon, Delrin, acrylic, polystyrene, polymethylpentene (PMP), low-density polymethylpentene (LDPE), and air. In this module, Hounsfield units (HU) are measured as the mean pixel value of a circular ROI with a 4 mm radius centered in these materials. The CTP528 high-resolution module has a 1 through 21 line pair per cm high-resolution test. At 10 mm from the center, the CTP528 module has a bead point source to measure modulation transfer function (MTF). CTP515 is a low-contrast module with 2 to 15 mm diameter objects and nominal contrast levels from 0.3% to 1%. CTP486 is the image uniformity module made from solid water to measure spatial uniformity and noise. The integral nonuniformity (UI) is defined over five squared ROIs located in the center and periphery of the image in the four cardinal points as follows:
where ROI max and ROI min are the maximum and minimum ROI mean pixel values. We evaluate another parameter (C) that compares the mean pixel value in the center and periphery of the image. C is defined as follows:
where ROI c and ROI p are the center and periphery ROI mean pixel values. The standard deviation is measured in a 128 × 128 pixel ROI placed in the center of the image. A complete description of the CBCT image noise was addressed with the evaluation of the noise power spectrum (NPS), using the images of the uniform section of the Catphan phantom and an in-house macro programmed in ImageJ, (15) available for free from the authors. NPS provides both the amount and spatial correlation of the noise.
To assess the visualization of tiny vessels of varying luminal diameters related to contrast medium concentration in CBCT, another anthropomorphic cardio phantom (QRM GMBH, Erlangen, Germany) (24) was imaged. The phantom's dimensions were 30 cm in width, 20 cm in height, and 10 cm in length. The phantom was composed of four parts: a thorax with artificial lung lobes, a spine insert, a soft-tissue shell of equivalent material, and a cylindrical water tank where rods that simulate vessels can be inserted. The latter are useful for contrast resolution measurements. The rods are 1 cm long and have diameters that vary from 1 to 4 mm in 1 mm steps. The contrast levels of the rods were 200, 250, 300, and 400 HU (Fig. 5) .
After image acquisition, projection images were sent to a Siemens Leonardo workstation and reconstructed with syngo DynaCT software (VB15DP01rev1.0 Siemens). The CBCT images were recorded with a 512 × 512 reconstruction matrix (14 bits) and a 0.46 mm slice width. The employed reconstruction kernels were a normal convolution kernel for 5sDR-L and a smooth kernel for 5sDRc. For the QRM phantom, the axial images were reconstructed with various slice thicknesses from 0.5 to 8 mm. Tables 1 to 4 show the most relevant radiographic parameters adjusted by the X-ray system for fluoroscopy and cine image acquisition modes for the employed protocols and FOVs.
III. RESULTS

A. Dosimetry and image quality for cine and fluoroscopy modes
Figures 6, 7, and 8 summarize the numerical values of the image quality parameters measured for fluoroscopy and cine acquisition modes and examination protocols. Figure 6 (a) shows a slight reduction in SNR for thicker phantoms except for FOV 42 cm and PMMA thickness between 4 to 8 cm that the SNR increases. For FOV of 32 cm and PMMA thickness between 4 and 12 cm, SNR is almost constant. The best SNR for the images taken for the various examination protocols is obtained for Ped < 12 kg for 4 and 8 cm PMMA. SNR shows a greater variability in cine mode than in fluoroscopy mode (Fig. 6(b) ).
The highest values for the SNR were obtained for FOV 32 cm for all PMMA thicknesses, whereas the poorest values for 4 and 8 cm PMMA correspond to Card < 12 kg protocol and FOV 22 cm.
Figure of merit (FOM) relates the necessary dose to obtain a certain image quality. For phantom thicknesses ranging from 4 to 8 cm of PMMA (using Ped < 12 kg and FOV 22 cm fluoroscopy mode), FOM improves over the other fluoroscopy modes measured (Fig. 7(a) ). For cine mode this trend is reversed: the poorest FOM is obtained for Card <12 kg and FOV 22 cm for 4 and 8 cm PMMA (Fig 7(b) ). FOM decreases with the increment of PMMA thicknesses. Figure 8 (a) shows the tendency for fluoroscopy modes of the high-contrast spatial resolution parameter to degrade when the thickness of the phantom increases due to increased scatter and when FOV increases. For cine mode, the high-contrast spatial resolution parameter worsens when the thickness of the phantom increases with a steep descent between 4 and 8 cm of PMMA, but without significant differences between FOV 42, 42, and 32 cm and LV3040 cine mode. For FOV 22 cm and Card <12 kg cine mode and 4 and 8 cm PMMA, HCSR is almost constant. Table 5 shows the dose measurement results for the 16 cm and 32 cm diameter dose phantoms for the two analyzed 3D acquisition protocols: a standard (5sDRc) and a low-dose mode (5sDR-L). Numerical values represent the mean and standard deviation of three measurements at each location. Table 6 shows the P ka and K a,r values measured by the system, corrected by the appropriate calibration factor, for 133 frame acquisition with various protocols and head (16 cm diameter) phantom for planes A and B. The rotational acquisition was performed with the frontal C-arm (plane A). FOVs of 48 cm and 25 cm without collimation were selected for tubes A and B, respectively. Table 7 shows the HU of each material in the CTP404 module of the Catphan 504 phantom measured in the CBCT images, acquired with standard-dose (5sDRc) and low-dose (5sDR-L) protocols (see Fig. 10(a) ). Figure 9 shows the MTF obtained in the CBCT Catphan bead images for a FOV of 48 cm (see Fig. 10(b) ).
B. Cone-beam CT mode dosimetry
C. Dosimetry comparison between cone-beam CT and cine mode
D. Cone-beam CT image quality
The low-contrast sensitivity module could not be analyzed because the low-contrast inserts from the Catphan CTP515 module were indistinguishable from its background in the CBCT 0.46 mm slice width images. Table 8 shows the UI and C parameters and the standard deviation measured in a 128 × 128 pixel ROI in the image center of the uniform module of the Catphan phantom for the two analyzed CBCT protocols (see Fig. 10(c) ). We computed the 2D-NPS using the CBCT axial images for 5sDRc and 5sDR-L protocols and for FOV 48 cm (the results for smaller FOV are equivalent). We only show a one-dimensional NPS obtained as the average of the NPS radial profiles because the acquired NPS presented rotational symmetry. Figure 11 shows the normalized NPS for the CBCT images. Each NPS was normalized to its maximum to make a direct comparison of the noise structures, despite the large differences in their size. Table 9 and Figure 12 show the visibility of the rods with various diameters and contrast levels in axial images of the QRM phantom. The acquisition parameters P ka and K a,r are also shown. The images were acquired with the two CBCT protocols and the two allowed FOVs. The images were reconstructed with slice widths between 0.5 and 8 mm. Window level and width was approximately 118 and 139 for all the evaluated images. 
IV. DISCUSSION
A. Cine and fluoroscopy mode dosimetry and image quality In order to properly characterize X-ray imaging systems, basic information on the dose per frame for the various modes of operation (fluoroscopy and cine) must be obtained. Another important piece of information is the dependence of the dose per frame on the phantom thickness (patient size) for the various modes of operation. The dose values need to be balanced with the image quality for the various operation modes. Thus, a visual assessment of the images is insufficient to determine whether the default settings of the X-ray systems are optimal for the various patient sizes or whether changes can be performed to obtain a similar image quality with lower patient doses. Numerical assessments using test object images can help optimize these settings. These measurements and other values reported in the literature (4, 8, 25, 26) should be communicated to cardiologists to help optimize clinical protocols. As expected, the radiographic parameters (kVp and mA) adjusted by automatic exposure control increased with PMMA thicknesses (Tables 1 to 4) . The ESAK values for the fluoroscopy mode ranged from 0.6 to 20.8 μGy/frame when the PMMA thickness was increased from 4 to 20 cm for FOV 32 cm. For the cine mode, the ESAK values ranged from 6.6 to 163.6 μGy/frame for the same FOV and LV3040 mode. An increase in patient thickness from 4 to 8 cm resulted in a 2.7-fold increase in the entrance phantom dose in the fluoroscopy mode. An increase from 8 to 12 cm resulted in a twofold increase, an increase from 12 to 16 cm resulted in a threefold increase, and an increase from 16 to 20 cm resulted in a twofold increase. In cine mode, the corresponding dose increases were 2, 1.7, 2.6, and 2. An important aspect for cardiologists to consider is the three to twelvefold increase in the ESAK/frame when comparing cine with fluoroscopy frames. This system can store fluoroscopy runs in DICOM format; therefore, if high image quality is not required, a fluoroscopy run should be considered as an option for documenting part of the procedure. (4) For 22 cm FOV and 4 and 8 cm PMMA, the selection of Ped < 12 kg instead of FL3040 will reduce the ESAK/frame for the cine mode threefold and 2.2-fold, respectively, for the same fluoroscopy ESAK/frame.
Image quality was evaluated using three numerical parameters: SNR, FOM, and HCSR decrease as phantom thickness increases. If the PMMA thickness increases from 4 to 8 cm, the system raises the tube voltage, yet SNR (Fig. 6 ) drops because of decreasing primary contrast, detector efficiency, and increasing scatter fraction. For PMMA thicknesses above 8 cm, the generator is programmed to increase mA first to preserve contrast, but at the cost of increased dose to the patient. This is due to the logic applied by the X-ray system for the various protocols evaluated for procedures where contrast is critical. Tube voltage, copper filter, and pulse width variations are limited depending on the protocol selection to avoid image quality degradation. The FOM parameter has been employed by other authors (16, 27) to evaluate the cost (in terms of dose per frame) of obtaining a given image quality. The FOM shows a tendency to decrease with increasing PMMA thickness (Fig. 7) , meaning that the image quality decreases significantly when the phantom thickness increases, and the FOM employed is only useful for a certain range of image quality and dose per frame. Figure 8 shows that HCSR decreases smoothly as phantom thickness increases due to the influence of scatter radiation.
The variation in the FOV parameters is related to how the system acquires the signal. For the fluoroscopy mode and 48 and 42 cm FOVs, the system uses a binned mode, whereas magnification for 32 and 22 cm FOV uses unbinned pixels. The binning principle implies combining 2 pixels in the horizontal and 2 pixels in the vertical direction into one on the flat detector to be read as single line of data, thereby obtaining a higher SNR but lower spatial resolution. In cine mode, the binned mode is employed for 48, 42, and 32 cm FOVs. Table 10 shows the matrix pixel size and pixels per mm for the various FOVs and acquisition modes. The largest difference between SNR in fluoroscopy and cine occurs for 32 cm FOV because fluoroscopy is acquired with a 1440 × 1440 pixel matrix size in unbinned mode, whereas cine is acquired at 720 × 720 pixels in binned mode. As a result, the fluoroscopy mode with a 32 cm FOV yields the lowest SNR. The SNR in fluoroscopy mode is lower than that for cine mode. For 4 and 8 cm PMMA, the highest SNR for fluoroscopy is obtained if FL Ped < 12 kg is selected.
The FOM diminishes when the FOV is changed from 48 to 32 cm in the fluoroscopy mode. Fluoroscopy mode with 32 cm FOV yields the lowest SNR and to the lowest FOM because magnification in fluoroscopy for the 32 cm FOV uses unbinned pixels. The highest FOM for fluoroscopy is achieved for 22 cm FOV and 4 cm PMMA in the Ped < 12 kg protocol. In the cine mode, the FOM remains almost constant as the FOV changes from 48 to 32 cm. The FOM should only be used to compare images taken in the same acquisition mode (cine or fluoroscopy) due to the large differences in noise in these acquisition modes. (28) In fluoroscopy mode, HCSR increases as the FOV decreases. This is because magnification in fluoroscopy is performed with unbinned pixels. In cine mode, magnification is performed electronically from 48 to 32 cm FOV, therefore no increase in resolution is observed. The line pair resolution for a 22 cm FOV and pediatric protocols is higher for fluoroscopy mode than for cine mode. This is because tube voltage for 4 and 8 cm PMMA are similar for the two modes; however, in the fluoroscopy mode, a 0.6 mm focal spot size is selected instead of the 1 mm focal spot size for use with cine mode.
B. Dosimetry comparison between cone-beam CT and cine mode
Acquiring CBCT series with a 16 cm head phantom and a standard-dose protocol results in a threefold increase in D(0), P ka and K a,r , compared with the low-dose protocol. This increase is higher in the 32 cm body phantom (Table 5) .
Biplane acquisition of 133 frames with the head phantom in Card <12 kg cine mode implies a similar P ka compared with a 3D run in the low-dose protocol (5sDR-L), but with a higher K a,r . When the LV3040 protocol was selected during head phantom biplane acquisition, a 24% reduction in P ka was achieved compared with 5sDRc CBCT with similar K a,r ( Table 6 ). The difference with CBCT is that the skin dose is distributed over the various projection angles. Sometimes a biplane angiography is insufficient to obtain relevant anatomic information. A CBCT can aid in complex catheter manipulation where the 3D angiography image is used as an overlay on a fluoroscopy screen; so if both runs are taken, radiation doses should be considered. Sometimes a standard angiography is needed after a CBCT due to limitations in the temporal resolution of CBCT. Table 7 shows that the measured HU values do not agree with the reference values for CBCT images. These inaccuracies are due to the increased scatter generated by the CBCT. A greater quantity of scattered X-rays than conventional CT is produced in CBCT, thus its ability to detect low-contrast tissue is reduced due to enhanced noise in reconstructed images. Another limitation of CBCT is beam hardening, which influences the density values. Cardiologists can select the center and width of the visualization window to better visualize tissues. The absolute value of the HU is not relevant because the cardiologists work subjectively.
C. Cone-beam CT image quality
CBCT images acquired with 5sDR-L and a normal filter present better spatial resolution at all frequencies than those acquired with the 5sDRc protocol and a smooth filter due to the smaller focal spot used with the 5sDR-L protocol (Fig. 9) . The low-dose protocol uses less kVp and a small focal spot size (0.6 mm), compared with the 1 mm focal spot size and approximately 90 kVp for the standard-dose protocol. The CBCT images reveal the presence of a cupping effect; the central part of the image is hypodense compared with the periphery. The effect can be explained by inaccurate beam hardening corrections (Table 8 and Fig. 10(c) ).
The amount of noise present in the low-dose CBCT images is much higher than that obtained with the 5sDRc mode (Table 8 and Fig. 10 ). The standard deviation in a 128 × 128 pixel ROI in the image center of the uniform module of the Catphan phantom is approximately 4.5-fold higher in the image acquired with the low-dose protocol. Collimation from top to bottom (before performing the 3D rotation) is allowed but is not typically used because, in some cases, extracardiac vascular structures must be imaged. However, collimation should be applied whenever possible to reduce unnecessary radiation and image noise.
In Fig. 11 , we can see that the 5sDR-L NPS presents an important shift of the spectrum to higher frequencies and does not show the high frequency roll-off. This shift is consistent with the image reconstruction filters that the manufacturer applies to the 5sDRc (smooth) and 5sDR-L (standard) modes. The nonzero value of the 5sDR-L NPS (and MTF) at the cutoff frequency indicates the presence of aliasing. (29) Finally, the low frequency peaks present in the teo NPS shown are due to structural noise. Figure 12 and Table 9 show that we are capable of distinguishing a 1 mm diameter rod with 250 HU if we reconstruct 5sDR-L 48 cm FOV images with an 8 mm slice width. An optimal attenuation for coronary angiography is 250-300 HU. (30) High-contrast structures can therefore be imaged during arteriographic procedures.
The entire analysis for the fluoroscopy, cine, and CBCT quality images was performed in a static mode (patient movement was not taken into account), which could be considered a limitation. Caution is required whenever a device is to be used, given that rotational images offer an average measurement of cardiac and vessel diameters, and there is wide variation between systole and diastole throughout the cardiac cycle.
V. CONCLUSIONS
We have performed a dose and image quality characterization of the biplane system with 3D rotational angiography capability. This study has shown that proper characterization of the equipment requires full awareness of its technical features and operating modes, especially those related to image quality, given that measurements can provide unexpected results. The results presented are intended for the implementation of dose-reduction techniques with minimal loss of image quality.
The system's ability to store fluoroscopy runs enables radiologists to replace cine with the fluoroscopy mode if sufficient image quality is achieved. This mode could be used to document procedures, resulting in significant dose savings. To find a balance between noisy and HCSR images, it is important to know how the system works as the FOV changes.
Here are a number of practical guidelines. When examining children with a chest thickness of less than 12 cm, a fluoroscopy protocol of Ped < 12 kg should be selected. These runs should be stored instead of acquiring cine runs with a Card<12 kg protocol. This enables the acquisition of sufficient (or better) quality images with a lower dose. If cine acquisition is required, the cardiologist should know that the highest SNR is obtained with the LV3040 protocol and 32 cm FOV. Although the FL3040 protocol yields the lowest SNR with fluoroscopy, it provides the highest HCSR for patients with a chest thickness greater than 12 cm.
In conclusion, the system offers a novel 3D imaging mode. The acquisition of CBCT images results in increased doses administered to the patients, but also provides further diagnostic information contained in the volumetric images. The assessed CBCT protocols provide images that are noisy but with very good spatial resolution. High-contrast structures can, therefore, be imaged during arteriographic procedures.
